Abstract: Garcinielliptone FC (GFC) is a polyprenylated benzophenone isolated from the hexanic extract of Platonia insignis seeds with potential pharmacological effects on the central nervous system. In a pre-clinical study, this compound showed anticonvulsant action, becoming a candidate to treat epilepsy disorders. However, genotoxicological aspects of GFC should be known to ensure its safe use. This study investigated the cytotoxic, genotoxic, and mutagenic effects of GFC. Cytotoxicity was evaluated using the colorimetric assay of MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) in human hepatoma cells (HepG2) (2-100 lg/mL) for 3, 6 and 24 hr. The genotoxic and mutagenic potentials were analysed using the alkaline version of the comet assay, the cytokinesis-block micronucleus cytome assay in HepG2 cells, and the Salmonella/microsome assay with the strains TA98, TA97a, TA100, TA102 and TA1535, with and without metabolic activation. GFC concentrations above 50 lg/mL were cytotoxic at all experimental times. Viability of HepG2 cells was higher than 70% after exposure to GFC 2-30 lg/mL for 3 hr in the MTT test. No GFC concentration was mutagenic or genotoxic in the Salmonella/microsome and comet assays. Nuclear division index decreased, indicating the cytotoxic effect of the compound, while micronucleus and nuclear bud frequencies rose after treatment with the highest GFC concentration tested (30 lg/mL). Nucleoplasmatic bridges were not observed. The results indicate that GFC is cytotoxic and mutagenic to mammalian cells, pointing to the need for further studies to clarify the toxicological potentials of this benzophenone before proceeding to clinical studies.
Distributed in 30 genera, the plants of the Clusiaceae family include economically relevant trees, shrubs, lianas and herbs used in the production of edible fruit, hardwood and chemical derivatives with interesting pharmacological and industrial properties [1] [2] [3] . More specifically, the plants of the Platonia genus are rich in natural products with relevant biological activities [4, 5] , such as antimicrobial [6] , leishmanicidal [7] , antidepressant [8, 9] , cytotoxic [10] , anti-HIV [11] , anti-inflammatory [12] , anticonvulsant [13] and antitumour [14, 15] effects.
Four main classes of compounds have been isolated from plants of the Clusiaceae family, namely xanthones, coumarins, flavonoids and benzophenones [3] . Garcinielliptone FC (GFC) is a polyprenylated benzophenone ( fig. 1 ) isolated from the hexanic extract of Platonia insignis Mart. seeds. Polyprenylated benzophenones are secondary plant metabolites that have sparked increasing interest mainly due to their pharmacological properties [5] . Previous in vitro studies showed that GFC has antioxidant [16, 17] , vasorelaxant [18] and antiparasitic [19, 20] effects. The chemical structure of GFC is similar to that of hyperforin, one of the active components responsible for the antidepressant activity of Hypericum perforatum L., another Clusiaceae species [21] . In a study using pilocarpine-induced seizure in mice, 25, 50 and 75 mg/kg oral doses of GFC had anticonvulsant activity [22] , suggesting a potential role in the central nervous system. Recently, an acute toxicity study using mice showed that oral and intraperitoneal GFC doses as high as 2000 mg/kg were not able to alter behavioural, physiological and biochemical parameters [23] .
Although it is considered a promising anticonvulsant candidate, there are no reports that assessed the genotoxicity of GFC. This parameter is essential to decide if GFC is safe enough to warrant further pharmacological pre-clinical studies, which are essential in the drug development process [24, 25] . Therefore, the objective of this study was to evaluate the cytotoxicity, genotoxicity and mutagenicity of GFC using various in vitro tests.
Materials and Methods
Sample collection. Platonia insignis fruits were collected in the municipality of Barras, Piau ı state, Brazil, in March 2009. A voucher specimen (ICN TEPB27164) was identified and deposited in Gaziela Barroso, Herbarium of the Department of Biology, Federal University of Piau ı.
Isolation of GFC. Seeds of GFC fruit were dried at 55°C, crushed (100 g) and submitted to extraction by maceration in hexane. The hexanic extract was evaporated to dryness in a rotary evaporator at a temperature below 50°C (yielding 7.6 g). Subsequently, acetone Author for correspondence: Jaqueline Nascimento Picada, Lutheran University of Brazil (ULBRA), Farroupilha Avenue, 8001, CEP 92425-900, Canoas, RS, Brazil (fax +55 51 34771313, e-mail jnpicada@ gmail.com).
(8 9 300 mL) was added to 2 g of hexanic extract to remove waxes (1.22 g, 61% w/w). The wax-free extract (0.48 g, 24.8% w/w) was then used to isolate GFC by preparative thin-layer chromatography (TLC) on silica gel using chloroform-methanol as eluent system (9:1; v/v). GFC was detected under UV light (254 nm), and the process produced 28 mg GFC. Its structure and molecular formula were previously confirmed by ESI (+)/MS and by two-dimensional (2D) nuclear magnetic resonance (NMR) analyses [16] .
Acetic acid and methanol (HPLC grade) were provided by Tedia (Brazil). Water was purified in a Milli-Q system (Millipore, Bedford, MA, USA). All solutions used in HPLC were filtered through a 0.45-lm membrane before use. The HPLC analysis of GFC was performed using a PerkinElmer (Series 200) HPLC system, equipped with a diode array detector (DAD), quaternary pump, on-line degasser and autosampler. All chromatographic data were analysed using the Chromera software (version 3.2.0.4847). Separations were performed at room temperature using a Macherey-Nagel (Nucleodur) C18 analytical column (250 mm 9 4.6 mm, 5 lm). The mobile phase consisted of methanol (Solvent A) and acetic acid 1%, adjusted to pH 3.0 (Solvent B). The following gradient was used: 10% B (0-15 min) and 5% B (15-25 min). The flow rate was kept constant at 1.2 mL/min. The GFC sample was analysed at 300 lg/mL, with a 20 lL injection volume. Chromatograms were recorded at 340 nm, while the UV spectra were monitored over a range of 220-340 nm. All HPLC analyses were performed in triplicate, and the limit of detection was 0.79 lg/mL for GFC. The peak purity of GFC was confirmed by HPLC/DAD. Salmonella/microsome assay. Mutagenicity was evaluated using the pre-incubation procedure as reviewed in a previous study [26] . Salmonella Typhimurium strains TA98, TA97a, TA100, TA102 and TA1535 were provided by MOLTOX (Molecular Toxicology Inc., Boone, NC USA). Briefly, test bacterial cultures (1-2 9 10 9 cells/ mL) were incubated at 37°C with distinct amounts of GFC (1, 2.5, 5, 50 and 250 lg/plate) in the presence or absence of S9 mix (4% S9 fraction) for 20 min. After that, 2 mL of soft agar (0.6% agar, 0.5% NaCl, 50 lM histidine, 50 lM biotin, pH 7.4, 42°C) was added to each tube and the contents thereof were poured immediately onto a plate of minimal agar (1.5% agar, Vogel-Bonner medium, containing 2% glucose). In the assay carried out with metabolic activation (with S9 mix), aflatoxin B1 (1 lg/plate) was used as positive control for all strains. The mutagenicity analyses without S9 mix used 4-nitroquinoline-oxide (4-NQO, 0.5 lg/plate) as positive control for TA98, TA97a and TA102, and sodium azide (1 lg/plate) for TA100 and TA1535. All plates were incubated in the dark at 37°C for 48 hr before counting revertant colonies. Assays and the plating for each dose were conducted in triplicate.
HepG2 cells culture and viability tests. The HepG2 (human hepatocellular carcinoma) cell line was purchased from Rio de Janeiro Cell Bank Collection (Rio de Janeiro, RJ, Brazil). HepG2 cells were maintained in DMEM medium supplemented with 15% inactivated foetal bovine serum (FBS), 1% penicillin/streptomycin, at a constant temperature of 37°C and 5% CO 2 , and used in the cell viability tests, comet assay and micronucleus test [27] . Cells (1 9 10 5 ) were seeded onto a 24-well plate in complete medium for 24 hr and 5% CO 2 atmosphere to allow adhesion of cells.
Cell viability assay. Cytotoxicity was evaluated using the MTT colorimetric assay ((3-(4.5-dimethyl-2-thiazolyl group)-2.5-diphenyl-2 H-tetrazolium bromide)). Cytotoxicity assays were performed according to previous work [28] , with minor modifications. GFC was dissolved in DMSO (not exceeding the concentration of 0.5%) and cell culture medium [29] , positive control (DMSO, 20%) and negative control (culture medium) were used. Cytotoxicity time was screened using treatment with GFC concentrations between 2 and 100 lg/mL for periods of 3, 6 and 24 hr. The cells were incubated with 200 lL/well of MTT solution (0.05 g of MTT 5 mL diluted in PBS) for 3 hr. After this step, MTT was removed and 200 lL DMSO was added immediately to the formazan precipitate. The absorbance of formazan crystals, which is a direct indicator of the amount of viable cells, was assessed with a microplate reader (Multiskan, Uniscence) at 540 nm. The tests were carried out in duplicate.
Cytotoxic activity was determined by comparing the absorbance of the cells treated with samples GFC and negative control (culture medium). Mean absorbance of the negative control was considered to indicate 100% of cell viability.
The comet assay and the micronucleus test were performed based on the results of the cell viability assay. Cells were incubated in complete DMEM, washed with PBS and then submitted to treatment GFC for 3 hr as well as to positive (comet assay: H 2 O 2 1.4 mM; micronucleus test: methyl methanesulfonate -MMS 8 9 10
À5 M) and negative (DMEM) controls.
Comet assay. Alkaline single-cell gel electrophoresis (comet assay) was performed according to a previous study [30] , with minor modifications. The cell suspension was gently mixed with 0.75% lowmelting agarose (37°C), and the samples were spread out on a microscope slide previously embedded with 1.5% agarose. A coverslip was added, and the agarose layer was allowed to solidify at 4°C for 15 min. After solidification, the coverslip was removed, and the slides were immersed in a lysis solution (NaCl 2.5 M, EDTA 100 mM, and Tris 10 mM, pH 10.0-10.5 containing freshly added 1% triton X-100 and 10% DMSO) at 4°C for at least 1 hr, protected from light. At the end of this period, the slides were placed in a horizontal electrophoresis chamber and left immersed in an alkaline solution (NaOH 300 mM, EDTA 1 mM, pH > 13) for 20 min. Electrophoresis was carried out for 15 min. at 25 V and 300 mA (0.7 V/cm). After electrophoresis, the slides were neutralized, fixed and stained with AgNO 3 [31] . Independent experiments were performed for each treatment in quadruplicate. Cells were analysed in an optical microscopic based on the shape of 100 randomly selected cells (for each independent treatment), totalling 400 cells per concentration. The extent of DNA damage was evaluated classifying comets into five categories based on the length of migration and/or the perceived relative proportion of the DNA in the tail to the size of head (nucleus): 0 representing undamaged cells (comets with no tail) and 1-4 representing increasing relative tail intensities and smaller head size. Two parameters, damage index (DI) and damage frequency (DF), were used to evaluate DNA damage [32] . The DI of a group could range from 0 (completely undamaged = 100 cells 9 0) to 400 (maximum damage = 100 cells 9 4). DF (%) was calculated for each sample based on the number of cells with tail versus those without tail.
The cytokinesis-block micronucleus cytome (CBMNCyt) assay. The CBMNCyt assay was carried out following the guidelines for the in vitro mammalian cell micronucleus test [29] . After the stipulated exposure time of samples and controls, cytochalasin B (3 lg/mL) was added to each well for 21 hr. At the end of the treatments, cells were washed with PBS and trypsinized. After centrifugation, the supernatant was discarded and the cells were gently suspended in DMEM.
Around 150 lL of cell suspension was transferred to cytocentrifuge cups and centrifuged for 5 min. at 700 rpm to produce slides. Slides were removed, fixed and stained with Instant Prov. After staining, slides were air-dried and examined under 10009 magnification using an optical microscope. Micronuclei (MN), nuclear buds (NBUD) and nucleoplasmatic bridges (NPB) were counted in 1000 binucleated cells (BN) per experimental point and were scored according to previous work [33] . Cytostatic mononucleated, binucleated and multinucleated events were scored to determine cell proliferation rates as measured by the nuclear division index (NDI) using the formula: NDI = [M1 + M2 + M3 + M4]/N, where M1-M4 represents the number of cells with 1-4 nuclei, and N is the total number of cells scored, excluding necrotic (NC) and apoptotic (AP) cells. Cytotoxic events were determined based on the frequency of necrotic and apoptotic cells [33] .
Statistical analysis. The data obtained in the Salmonella/microsome, comet and micronucleus assays were expressed as means AE standard deviations and analysed using the one-way analysis of variance (ANOVA) followed by the Tukey's or Dunnett's multiple comparison tests with statistical significance at p < 0.05. In the Salmonella/ microsome assay, a substance was considered mutagenic when it induced significance response and at least twice as many revertants (or three times as many, for TA1535), compared with the negative control.
Results
The HPLC/DAD analysis revealed the presence of only one compound in our GFC sample, with retention time of 22.3 min (data not shown). Further, as all UV-visible spectra acquired during peak elution or migration should be identical [34] , peak purity was also assessed with a diode array detector. The HPLC/DAD and NMR analyses revealed that purity of GFC was higher than 95%.
No mutagenic effect was observed in the strains tested in the Salmonella/microsome assay, whether in the presence or absence of S9 mix (table 1) .
Cytotoxicity, and therefore the viability of HepG2 cells treated with GFC, was determined using the MTT test at three exposure times (3, 6 and 24 hr) ( fig. 2) . GFC concentrations between 2 and 30 lg/mL were mildly cytotoxic to HepG2 cells exposed for 3 hr, when viability remained above 70%. Yet, GFC 50 and 100 lg/mL induced a drop in viability, to below 20%. Cell viability was below 60% after 3-hr exposure to GFC concentrations above 10 lg/mL. After the 24-hr exposure period, cell viability was higher than 70% only when GFC 2, 5 and 10 lg/mL were used. So, the concentrations chosen for the other tests were between 2 lg/mL and 30 lg/mL, as cells exposed to this GFC concentration range had viability above 70% after the 3-hr exposure period.
In the comet assay and in the micronucleus test, HepG2 cell cultures were exposed to five GFC concentrations for 3 hr. No significant increase was observed in DI and DF, compared with the negative control (table 2). Table 3 shows the results of the CBMNCyt assay with HepG2 cells. GFC 30 lg/mL induced a significant increase in MN frequency compared with the negative control and all other GFC concentrations tested. BUD frequency was significantly higher after treatment with GFC 20 and 30 lg/mL, compared with the negative control. In addition, GFC 30 lg/mL induced a significantly higher BUD frequency, compared with the values induced by GFC 2 lg/mL and 5 lg/mL. NPB, IDN, necrosis and apoptosis did not vary significantly compared with the negative control.
Discussion
Pre-clinical studies have demonstrated the effects of GFC on the central nervous system [17, 22] , but the toxicological profile of this benzophenone has not been fully clarified. Genotoxicological assays are fundamental in research and development of new substances with pharmacological potential. The protocols that are recommended in most cases are the Salmonella/microsome assay, which detects gene mutations such as base pair substitution and frameshift mutations, and the CBMNCyt assay, which detects nuclear abnormalities and micronuclei induced by clastogenic and aneugenic agents. The comet assay has been shown to be a complementary protocol to those very first assays developed to evaluate substances that induce DNA strand breaks. Additional assays are needed when positive results are observed in in vitro assays [25] .
In the present study, GFC was not mutagenic to the five S. Typhimurium strains used: TA100 and TA1535 (base pair substitution mutations), TA98 and TA97a (frameshift mutations) and TA102 (translocations and oxidative damage mutations) independently of metabolization (table 1) . Almanza et al. [35] reported that the benzophenone acuminophenone A, which was isolated from Rheedia acuminata, was not mutagenic to several S. Typhimurium strains (TA98, TA100, TA102, TA1537 and TA1538). Similarly, nemorosone was not mutagenic to strains TA97, TA98, TA100 and TA102 [36] , suggesting that other benzophenones, like GFC, do not induce gene mutations. However, concentrations of GFC above 30 lg/mL ( fig. 2 ) were highly cytotoxic to HepG2 cells in the MTT test at all exposure times (3-24 hr, viability below 20%). In turn, GFC 20 and 30 lg/mL induced cell viability below 70% after exposure for 6 and 24 hr. The results of the present study confirm the findings published in a previous study [19] , when GFC 25 lg/mL was shown to inhibit growth of NCI-H292 cells (mucoepidermoid carcinoma in human lung) by approximately 88% in the MTT test after 72 hr of exposure. Other benzophenones, such as 2,2 0 ,5,6 0 -tetrahydroxybenzophenone, isogarcinol, isoxanthochymol and guttiferone E, have been shown to be cytotoxic to the HCT116 colon carcinoma and leukaemia CCRF cell lines [37] .
The comet assay showed that GFC does not induce genotoxicity in HepG2 cells (table 2) . In a study using the comet assay with V79 cells, Costa J unior et al. [4] observed that the chloroformic and ethyl acetate extracts of P. insignis seeds induced DNA breaks. For the authors, these results may be associated with the presence of a-and b-mangostin, which are two xanthones, but not with GFC, as the compound was not detected in those extracts. In the present study, GFC was not genotoxic to HepG2 cells, a strain of human hepatocellular carcinoma with high capacity to metabolize xenobiotics due to the presence of several phase I and phase II enzymes. These enzymes play an important role in activation and detoxification of genotoxic pro-carcinogens [38] . This may indicate that GFC was not able to induce strand breaks in DNA directly or after metabolization.
The combined use of the Salmonella/microsome assay and the CBMNCyt assay has produced interesting results in the detection of genotoxins and carcinogens [39] . The CBMNCyt assay is used to evaluate the frequency of chromosomal breaks and deletion (MN), rearrangement (NPB) and gene amplifications (NBUD). MN and other nuclear anomalies like NPB and NBUD are biomarkers of genotoxic events and chromosomal instability [40] . In the present study, the statistical analysis showed a significant increase in BUD frequency in cells treated with the highest concentrations of GFC (20 and 30 lg/mL). BUD originate from gene amplifications, which are formed from errors during chromosomal repair, such as the recombination of homologous regions. High frequency of gene amplifications may indicate lower efficiency of DNA repair. Another hypothesis suggests that the emergence of BUD may be associated with aneuploidy processes (with the elimination of the amplified chromosome), although such finding and the mechanism of BUD formation still have to be elucidated [41] . Garcinielliptone FC 30 lg/mL induced a significant increase in MN, compared with the negative control, indicating the mutagenic effect of the compound on HepG2 cells. MN are expressed in cells containing chromosomal breaks where centromeres are absent (acentric fragments) and/or whole chromosomes that are unable to migrate to the poles during mitosis. Using the micronucleus test and comet assay in mice, Terrazas et al. [42] observed that doses of guttiferone A as high as 60 mg/kg are genotoxic and mutagenic, showing that this benzophenone may induce chromosomal mutations through its aneugenic or clastogenic effects. Fenech [41] discovered that the presence of MN and the absence of NPB may indicate aneugenic agent, as the MN observed did not result from a terminal break, which could in turn generate NPB. Therefore, a chromosomal deletion event may be possible due to a failure in the achromatic spindle. This has been confirmed for polyprenylated benzophenones, which was shown to inhibit the dissociation of tubulins [43] , meaning that these compounds may interfere in the cell reproduction cycle and in the formation of gene amplifications during cell division. Thus, GFC increased BUD and MN without increase NPB, possibly due to an aneugenic mechanism. The lack of genotoxicity in the comet assay lends strength to the idea that GFC may induce aneugenesis, which is not detected by the comet assay, as the test evaluates strand breaks in DNA.
Kirkland et al. [44] claim that chemicals with negative results in in vitro mammalian cell genotoxicity tests and that induce micronuclei when administered at high concentrations or at high levels of cytotoxicity are generally negative in in vivo assays as well as in the Salmonella/microsoma assay. The results of the present study suggest that GFC belongs to this class of compounds, as it was neither genotoxic in the comet assay nor mutagenic to S. Typhimurium strains, even though it increased MN and BUD frequencies in the CBMNCyt assay. These findings provide additional information about the toxicological profile of this benzophenone. However, further studies are needed to elucidate the mechanisms of micronucleus formation and discover whether this effect might happen in vivo, supporting the safe use of GFC in advanced studies about its pharmacological properties.
